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with  lower  graphitic  and  amorphous  carbon  inclusions. 
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Background 


In  our  previous  work,  we  provided  an  explanation  for  the  absence  of  a  plastic  phase  in 
boron  carbide  and  its  dynamic  failure  at  threat  velocities  just  above  the  Hugoniot  elastic 
limit  (HEl)  [1].  Using  self-consistent  field  density  functional  simulations  we  were  able  to 
account  for  many  experimental  observations  by  demonstrating  that  several  boron  carbide 
polytypes  [(B11QC2B,  (Bi2)C3,  etc.]  can  coexist  without  significant  lattice  distortions 
(See  Figure  1).  Our  analysis  indicated  that  above  a  threshold  pressure  all  the  candidate 
polytypes  are  less  stable  than  a  phase  involving  segregated  boron  (B12)  and  amorphous 
carbon  (a-C)  but  the  energetic  barrier  between  boron  carbide  and  B12  +  3C,  is  by  far 

lower  for  the  Bi2(CCC)  polytype, 

|  BtC  polytypes  (  polytypes  B)2+Graphite  or  a-C  | 
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requiring  the  lowest  atomic 
displacement  for  B4C^3B+a-C 
transformation,  occurring  at 
pressures  of  6  GPa  «  P(HEl).  For 
such  a  configuration,  segregation 
of  free  carbon  occurs  in  layers 
orthogonal  to  the  (113)  lattice 
directions,  in  excellent  agreement 
with  recent  transmission  electron 
microscopy  (TEM)  analysis  [2], 
In  other  words,  the  Bi2(CCC) 
polytype  acts  as  the  weak  link 
leading  to  the  premature  failure 
of  boron  carbide.  Therefore,  to 
improve  the  ballistic  performance 
of  boron  carbide,  it  is  necessary  to 
eliminate  the  Bi2(CCC)  polytype. 
Thus,  the  root  mechanism  leading 
to  premature  failure  of  boron 
carbide  was  identified,  opening  up 
the  possibility  of  tailoring  its 
properties  through  careful  reduction  of  disorder  during  synthesis.  However,  thermal 
disorder  is  unavoidable  during  synthesis  and  hot  pressing  of  boron  carbide. 
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Figure  1:  Gibbs  free  energy  vs.  relative 
abundance  of  the  most  significant  polytypes. 
Since  the  materials  are  synthesized  at 
temperatures  Ts  >  2000  K,  the  disorder 
potential  can  be  estimated  to  be  AV  «  kBTs  > 
0.2  eV. 


To  provide  a  solution  for  improved  impact  performance  of  boron  carbide,  we  have 
studied  the  effects  of  Si  doping.  The  Gibbs  free  energy  of  the  BnCp(CBC)  and  Bi2(CCC) 
polytypes  as  a  function  of  substitutional  Si  doping  is  shown  in  Figure  2.  It  can  be 
observed  that  the  difference  in  Gibbs  free  energy  between  the  stable  polytype,  BnCp. 
y,p)Si(y,p)(CBC)  and  the  most  energetically  favored  minority  polytype  Bi2(CSiyC(i.y)C), 
strongly  increases  by  a  factor  of  15,  from  AG  =  0.015  eV  at  0  at.%  Si  (see  also  Fig.  1)  to 
AG  =  0.23  eV  at  6.7  at.%  Si.  Hence,  in  the  latter  case,  the  concentration  of  the  minority 
polytype  decreases  by  exp(-15)  ~  3-10'7  times  in  the  presence  of  Si.  Thus,  the  Bi2(CCC) 
polytype  leading  to  the  premature  failure  in  boron  carbide  can  be  practically  completely 
eliminated  via  incorporation  of  Si.  In  contrast,  the  force  on  the  atoms  and  their 
derivatives  only  experience  negligible  variations,  indicating  that  the  elastic  constants  do 


not  experience  large  modifications  at  sufficiently  low  Si  doping.  Therefore,  experimental 
realization  of  Si-containing  boron  carbide  could  lead  to  the  development  of  a  material 
with  HEL  exceeding  40  GPa.  This  would  make  it  an  excellent  material  for  protection 
against  high-energy  impacts,  for  instance  as  a  blast  shield  against  terrorist  devices  or  as 
ballistic  armor  in  military  applications  or  for  increased  safety  when  vehicles  collide. 


Silicon  content  (at  %) 

Figure  2:  Gibbs  free  energy  of  the  BnCp(CBC)  and  Bi2(CCC)  polytypes  as  a  function  of 
silicon  atom  concentration.  It  can  be  observed  that  the  difference  in  Gibbs  free  energy 
between  the  stable  polytype,  Bn  C(i-y<P)Si(y,P)(CBC)  and  the  most  energetically  favored 
minority  polytype,  Bi2(CSiyCi.yC)  increase  with  the  silicon  content.  Hence  silicon- 
containing  boron  carbide  is  less  affected  by  disorder  than  the  undoped  one. 

In  the  second  stage  of  our  understanding,  we  determined  that  Si  addition  to  boron 
carbide  could  prevent  the  formation  of  the  Bi2(CCC)  polytype,  thus  inhibiting  the 
segregation  of  amorphous  carbon  and  graphite  and  stabilizing  the  material  against  high 
stresses  and  shocks. 

Synthesis  of  materials 

Si-doping  of  boron  carbide,  although  claimed  to  be  attained  in  the  past,  is 
generally  assessed  to  be  difficult  due  to  the  strong  stability  of  silicon-carbon  and  silicon- 
boron  compounds  (i.e.  SiC  and  boro-silicates)  which  tend  to  segregate.  Therefore, 
although  it  is  easy  to  attain  B4Ci.xSix  stoichiometries,  it  is  not  straightforward  that  they 
correspond  to  a  homogeneous  compound  with  the  icosahedral  structure  of  B4C  in  which 
Si  acts  as  a  substitutional  dopant. 

To  achieve  this  goal  we  explored  the  synthesis  of  boron  carbide  via  the  solid- 
liquid-solid  (SLS)  method  [3],  exploiting  the  relative  low  temperature  of  the  Ni-Co-B4Si 
quaternary  eutectic  (i.e.  about  950°C,  Fig.  3).  The  process  is  widely  used  to  prepare  a 
wide  range  of  nanostructured  materials,  such  as  silicon  and  germanium  nanowires.  It 
consists  of  the  formation  of  a  sutectic  droplet,  which  acts  to  catalyze  the  nanowire 
growth.  That  is,  at  the  appropriate  thermodynamic  conditions,  the  reacts  migrate  to  the 
liquid  catalyst  until  it  is  supersaturated.  Additional  reactants  above  the  supersaturated 
phase  are  precipitated  out  in  the  form  of  nano  wires. 
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Figure  3:  Schematic  of  the  solid-liquid- solid  (SLS)  mechanism  used  for  the  growth  of  Si- 

doped  B4C  nanowires. 


The  furnace  for  growing  the  Si  doped  B4C  nanoparticles  has  been  setup  as 
follows:  a  crucible  containing  the  finely  ground  reagents  is  placed  at  the  center  of  a 
furnace.  Subsequently,  Ar  is  admitted  to  the  furnace  at  a  controlled  flow  rate  and  the 
furnace  is  heated  up  to  the  synthesis  temperature. 


The  scanning  electron  microscopy 
(SEM)  image  in  Figure  4a  show  typical 
nanowires  obtained  using  the  SLS 
technique.  In  the  solid-liquid- solid 
(SLS)  method  of  B4C  NWs,  the  overall 
yield  of  the  NWs  is  tens  of  milligrams 
for  1  gram  of  starting  precursors.  We 
found  two  regimes  of  growth.  The  first 
was  what  we  refer  to  as  typical  NWs 
with  diameters  ranging  from  10  nm  - 
100  nm  and  lengths  ranging  from  1  - 
10  (im.  To  make  sizable  quantities  of 
nanowires  for  project  such  as  this  one, 
we  typically  utilize  several  boats  within 
the  tube  furnace  and  run  multiple 
growth  cycles.  The  transmission 
electron  microscopy  images  in  Figures 
4b  and  4c  show  that  the  NWs  are  of 
very  high  crystalline  quality,  with  the 
structure  obtained  from  the  calculated  diffraction  pattern  in  agreement  with  that  of  B43C. 
The  compositional  profile  of  the  nanowires  was  obtained  using  electron  dispersive 
spectroscopy  (EDX)  in  a  scanning  TEM  with  a  focused  probe  of  1  nm  (see  colorful 
images  below  in  Figure  5).  It  can  be  seen  that  the  tip  of  the  NW  contains  the  eutectic 
composition  of  the  catalyst  but  the  NW  is  mostly  boron  carbon  doped  with  silicon.  The 
composition  of  silicon  was  estimated  to  be  ~  2.3  at.  %,  which  is  consistent  with 


Figure  4:  SEM  and  TEM  images  of 
silicon  doped  boron  carbide  nano  wires. 


simulations.  The  above  suggests  that  it  is  possible  to  dope  boron  carbide  with  silicon 
without  disturbing  the  boron  carbide  structure.  Although  we  have  performed  detailed 
analysis  of  the  structure  of  the  silicon  doped  nanowires  and  confirmed  it  to  be  that  of 
boron  carbide,  the  possibility  of  the  formation  of  SiC  cannot  be  completely  ruled  out.  The 
Raman  spectrum  of  the  silicon-doped  boron  carbide  is  substantially  different  from  that  of 
commercial  boron  carbide  powders,  which  contain  a  sizable  amount  of  amorphous 
carbon.  This  also  suggests  that  the  nanowires  are  of  very  crystallinity.  More  details  about 
the  Raman  spectra  of  boron  carbide  are  given  below. 


Figure  5:  Compositional  profile  of  boron  carbide  nano  wires  containing  silicon. 

Consolidation  by  spark  plasma  sintering 

Based  on  our  simulations,  the  silicon  doped  boron  carbide  nanowires  are 
metastable  (Figure  2).  Therefore  any  additional  processing  for  consolidation  will  require 
a  technique  that  is  able  to  preserve  the  meta-stability  of  the  silicon  doped  nanowires. 
Traditional  hot  pressing  is  unlikely  to  achieve  this  as  the  powder  is  typically  held  at  high 
temperatures  for  an  hour  or  more,  sufficient  time  for  any  metastable  phases  to  relax  to 
their  most  energetically  favorable  conditions.  Approximately  lOgrams  of  the  powder  was 
produced  and  ball  milled  to  homogenize  the  size  distribution.  The  powder  was  then 
placed  into  spark  plasma  sintering  (SPS)  system  for  consolidation.  Two  samples  were 
densified  at  2100°C  (SPS  No.  1477)  and  2175°C  (SPS  No.  1479)  under  50MPa  for  20  min. 
The  SPS  parameters  for  one  consolidation  heating  and  cooling  cycle  are  shown  in  Figure 
6.  The  vacuum  level  is  not  shown  in  Figure  6  but  a  loss  of  vacuum  was  observed  for  all 
cycles.  The  source  of  outgassing  at  high  temperatures  will  require  further  investigation.  It 
should  be  noted  that  no  sintering  aids  were  added  to  the  powder.  The  samples  were  in  the 
form  of  disks  (diameter  =  2cm  and  thickness  ~  4mm,  see  photograph  below).  The 
densities  of  the  samples  measured  by  the  Archimedes  method  (2.5  g-cm'3  ±0.1)  were 
found  to  be  very  similar  and  also  close  to  the  theoretical  value  (2.52  g-cm'3). 
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Figure  6:  Spark  plasma  sintering  cycle  of  silicon  doped  nanowires.  Below  is  an  image  of 

the  consolidated  component. 

Microstructure  of  SPS  consolidated  Si-doped  B4C 

A  fracture  surface  showing  the  microstructure  of  the  SPS  consolidated  Si-doped 
B4C  is  shown  in  Figure  7.  The  scale  bar  in  the  figure  indicates  500nm,  suggesting  that  the 
NWs  fuse  together  to  form  sub-micron  or  nanoscale  grains,  retaining  the  original 
properties  of  the  starting  powder.  The  microstructures  of  the  two  consolidated  samples 
were  found  to  be  similar  and  no  obvious  differences  in  the  SEM  could  be  observed. 
However,  a  more  detailed  study  for  closer  examination  of  the  microstructure  is 
warranted. 


Figure  7:  Microstructure  of  SPS  consolidated  Si-doped  B4C. 

Raman  of  B4C 

Raman  spectroscopy  has  been  widely  used  to  characterize  B4C,  which  owing  to 
its  complex  crystallographic  structure  gives  rise  to  a  number  of  Raman-active  vibrations 
at  and  below  1150  cm'1.  Thus,  Raman  contributions  of  B4C  are  easily  distinguishable 
from  the  modes  of  the  aromatic  sp2  clusters  found  at  higher  frequencies.  Although  some 
controversy  remains  on  the  origin  of  some  B4C  peaks,  all  the  studies  performed  to  date 
agree  that  the  strong  peak  at  -1100  cm'1  can  be  assigned  to  the  icosahedron  breathing 
mode  (IBM)  (Figure  8).  The  other  B4C  modes  are  found  at  275-325  cm'1  (origin  of  which 
will  be  discussed  elsewhere),  at  480  cm'1  (attributed  to  C-B-C  chain  stretching  mode), 
and  at  525  cm'1  (the  icosahedral  libration  mode).  The  latter  two  peaks  are  strongly 
dependent  on  the  orientation  of  the  B4C  microcrystals  with  respect  to  the  Raman  laser 
beam,  but  they  generally  scale  in  intensity  with  the  IBM  mode.  A  similar  scaling 
behavior  is  also  observed  for  the  other  B4C  modes  at  650-1000  cm'1. 

Boron  Carbide-IBM  Graphite-D  Graphite-G 


1 075  cm-1  1 300  cm1  1 600  cnv1 

Figure  8:  Schematic  of  stretchings  that  give  rise  to  the  various  Raman  peaks  observed  in 

the  spectra  of  boron  carbide. 


In  addition  to  information  about  the  boron  carbide  phase,  substantial  insight  into 


the  presence  of  free  carbon  in  B4C  can  also  be  obtained  by  careful  Raman  analysis.  The 
first-order  Raman  spectrum  of  graphite  single  crystals  shows  only  one  peak  at  1589  cm'1 
(G-peak),  which  is  the  fingerprint  of  stretching  vibrations  of  double,  C=C,  bonds.  In  the 
presence  of  graphitic  domains  of  finite  size,  amorphization  of  the  graphene  layer,  or 
defects,  a  second  peak  appears  at  1300-1360  cm'1  (D-peak).  This  peak  can  be  assigned  to 
breathing  vibrations  of  aromatic  6-fold  rings  in  finite  graphitic  domains.  In  particular,  it 
has  been  shown  that  at  visible  or  near  infrared  excitation  wavelength,  X,  the  diameter,  L, 
of  the  sp2  domain  is  related  to  the  D/G  intensity  ratio. 

Using  the  above,  we  have  analyzed  the  amount  of  free  carbon  in  commercial 
powders  and  hot  pressed  samples.  As  shown  in  Figure  9,  the  Raman  spectra  of  the  hot 
pressed  sample  do  not  substantially  differ  from  those  of  the  powder.  Specifically,  Figure 
8a  shows  that  there  is  little  or  no  difference  between  the  boron-carbide  related  peaks  of 
the  powder  and  of  the  solid  sample  both  in  relative  intensity  and  or  frequency  positions. 
Similarly,  the  peaks  arising  from  the  sp2  carbon  phase  of  the  hot  pressed  sample 
approximately  undergo  the  same  statistical  fluctuations  observed  for  the  powder.  Thus, 
the  average  carbon  portion  of  the  Raman  spectra  is  also  comparable  for  the  powder  and 
the  densified  sample,  as  shown  in  Figure  9b  where  two  low-resolution  Raman  spectra 
from  powder  and  hot-pressed  samples  are  compared.  This  indicates  that  neither  hot 
pressing  nor  sample  cutting  introduced  significant  amount  of  carbon  inclusions  in  the 
densified  sample.  In  addition,  since  our  surface  has  been  cut  through  the  center  of  the  tile, 
we  may  rule  out  that  the  observed  sp2  carbon  clusters  arise  from  surface  carbon 
contamination. 


Figure  9:  Raman  spectra  of  commercially  available  B4C  powder  and  hot  pressed  samples. 
The  left  hand  side  is  the  B4C  portion  of  the  spectra  while  the  right  panel  shows  the 
Raman  D  and  G  peaks  attributed  to  the  presence  of  amorphous  carbon. 

Failure  and  Amorphization  in  SPS  consolidated  Si-doped  B4C 

Postmortem  analysis  of  impacted  boron  carbide  samples  generally  reveals  the 
presence  of  amorphous  carbon  phase.  TEM  analysis  by  Chen  et  al.  revealed  that  the 
failure  occurs  as  amorphous  bands  along  the  113  directions  [2],  The  bands  consist  of  B12 
icosadehra  collapsed  within  amorphous  carbon.  Thus  a  quick  way  to  obtain  insight  into 


the  failure  mode  of  B4C  is  to  monitor  the  degree  of  amorphous  carbon  in  as  consolidated 
B4C.  Several  techniques  using  static  and  dynamic  indentations  have  been  employed  to 
predict  the  quality  of  boron  carbide.  Domnich  et  al.  [4]  utilized  ex-situ  Raman 
measurements  to  characterize  local  graphitization  induced  by  nanoindentation.  They 
showed  that  graphitization  does  not  occur  until  a  pressure  of  approximately  40GPa,  twice 
the  value  of  B4C  failure  under  impact.  Therefore,  real  time  characterization  of  the 
graphitization  process  could  provide  valuable  insight  into  why  B4C  fails  prematurely  in 
dynamic  tests.  In  this  work,  we  show  that  graphitization  in  B4C  can  occur  by  the 
application  of  relatively  low  electric  fields.  By  applying  pulses  of  increasing  voltage  and 
simultaneously  monitoring  phase  changes  with  Raman  spectroscopy  (Figure  10a),  it  is 
possible  to  observe  not  only  the  onset  but  also  the  degree  of  graphitization  in  real  time. 
Furthermore,  through  electrical  measurements  as  a  function  of  temperature  in  conjunction 
with  Raman  spectroscopy,  we  are  able  to  determine  that  above  a  critical  electrical  field, 
the  graphitization  leads  to  the  collapse  of  the  B4C  structure. 


Figure  10:  (a)  Schematic  of  the  electrical  Raman  experiment  where  a  voltage  pulse  is 
applied  while  monitoring  the  change  in  the  amorphous  carbon  content,  (b)  Raman  spectra 
as  a  function  of  the  applied  electric  field,  (c)  Raman  spectra  showing  the  increase  in  D 
and  G  peaks  of  carbon  with  electric  field. 

The  Raman  spectra  of  hot  pressed  B4C,  recorded  in-situ  during  application  of 
increasing  electric  field  pulses  are  shown  in  Figure  10b  and  10c.  Two  primary  effects  on 
the  Raman  spectra  with  increasing  electric  fields  are  evident.  First,  the  decrease  in  the 
intensity  of  the  B4C  related  Raman  modes  (frequencies  ranging  from  275  cm'1  to  1100 
cm'1)  can  be  seen;  Second,  the  strong  increase  of  the  D  (-1300  cm'1)  and  G  (-1600  cm'1) 
carbon  modes  under  voltage  pulses  can  be  observed  in  Figure  10c.  It  is  also  clear  in 
Figure  10c  that  weak  carbon  D  and  G  modes  are  present  in  the  sample  even  before 
electric  field  is  applied.  In  Figure  10c,  both  the  Raman  D  and  G  modes  strongly  increase 
in  intensity  with  electric  field  strength,  especially  between  1500  and  3500  V/cm,  where 
the  intensity  of  the  B4C  modes  (Figure  10b)  was  observed  to  decrease.  Furthermore,  the 
broad  line  widths  of  the  peaks  indicate  the  presence  of  amorphized  carbon  domains, 
rather  than  ordered  graphite.  Closer  analysis  of  the  data  in  Figure  10c  reveals  that  the  D 
peak  increases  faster  in  area  and  intensity  than  the  G-peak,  leading  to  an  increase  in  the 
D/G  ratio.  Since  the  D/G  intensities  ratio  in  amorphous  carbon  is  proportional  to  the  size 
L  of  the  graphitic  domains  through  the  relationship  ID/IG  -  L2,  it  can  be  inferred  that  the 
island  sizes  increase  with  electric  field. 


Figure  1 1 :  Electrical  Raman  measurements  on  SPS  consolidated  Si-doped  B4C  as  a 
function  of  the  applied  electric  field.  The  gap  between  the  electrodes  was  10  microns. 

The  onset  of  amorphization  was  found  to  occur  at  7V. 

The  electrical  Raman  measurements  on  the  SPS  consolidated  Si-doped  B4C  are 
shown  in  Figure  11.  Two  striking  differences  in  the  Raman  spectra  of  these  samples  in 
comparison  to  hot  pressed  non  Si  doped  B4C  can  be  observed.  The  first  is  the  absence  of 
amorphous  carbon  in  the  as  consolidated  samples  (the  0V  sample  in  Figure  11).  As 
shown  in  Figure  9,  amorphous  carbon  is  almost  always  present  in  commercially  available 
boron  carbide  powders  and  hot  pressed  samples.  Second,  the  onset  of  amorphization  in 
Si-doped  B4C  consolidated  with  SPS  does  not  occur  until  an  electrical  field  of  7000 
V/cm,  which  is  higher  by  a  factor  of  four  compared  to  the  hot  pressed  sample  in  Figure 
10.  Thus,  at  least  for  these  measurements,  the  SPS  of  Si-doped  B4C  appears  to 
substantially  improve  the  structural  integrity  of  the  boron  carbide  lattice,  consistent  with 
our  theoretical  calculations. 

Additional  insight  into  the  ability  for  Si-doped  B4C  to  withstand  loading  was 
obtained  by  performing  indentation  tests  (100  -  300g  Loads).  Postmortem  Raman  on  the 
indents  provided  additional  information.  The  aim  of  the  indents  was  not  to  obtain 
hardness  values  but  to  monitor  structural  transformation,  and  in  particular  amorphization. 
The  Raman  spectra  from  the  damaged  indented  region  are  shown  in  Figure  12,  for  a  SPS 
consolidated  Si-doped  B4C  and  a  commercial  hot  pressed  B4C  sample.  It  can  be  clearly 
observed  that  under  similar  indentation  and  Raman  measurement  conditions, 
amorphization  as  indicated  by  the  intensities  of  the  carbon  D  and  G  peaks  is  dramatically 
suppressed  in  the  Si-doped  sample  (red  curve). 


Figure  12:  Raman  spectra  from  the  damaged  indented  regions  for  SPS  consolidated  Si- 
doped  B4C  (red  curve)  and  commercially  available  hot  pressed  sample  (black  curve). 


Future  Work 


The  preliminary  study  has  yielded  remarkably  optimistic  results  for  suppression 
of  amorphization  during  electrical  and  mechanical  loading  by  utilizing  Si-doped  B4C 
nanostructures  as  the  starting  powder  and  subsequent  consolidation  by  SPS.  It  has  been 
widely  believed  that  failure  in  B4C  occurs  via  shock  induced  amorphization  and  therefore 
absence  of  this  feature  in  Si-doped  B4C  is  certainly  a  reason  for  hope.  There  are  several 
challenges  that  must  be  confronted  in  moving  forward.  The  first  will  be  to  repduciby 
fabricate  sizable  amount  of  silicon  doped  boron  carbide  powder  and  then  utilize  novel 
fabrication  methods  (such  as  free  casting  along  with  spark  plasma  sintering)  to  achieve 
materials  that  are  dynamically  shock  resistant  and  also  potentially  tough.  At  present,  the 
synthesis  method  is  limited  to  academic  quantities  and  must  be  scaled  up  if  large 
quantities  are  to  be  realized.  The  second  challenge  is  to  determine  the  dynamic  properties 
of  the  Si-doped  B4C  samples.  This  could  be  done  through  modification  of  the  electrical 
Raman  measurements.  We  envision  that  it  is  possible  to  apply  voltage  pulses  ranging 
from  pico-  to  nano-seconds  and  monitor  the  structural  evolution  of  the  boron  carbide. 
This  will  provide  insight  into  the  fast  structural  transformations  that  may  occur  in 
ballistic  tests.  It  may  also  be  possible  to  correlate  the  electric  field  strength  to  mechanical 
force  applied  to  the  material  through  ongoing  theoretical  simulations. 
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